Displays are coming on the market that can produce a larger range of colors over EBU and this has led to much research on the topic of how to use the additional color gamut volume provided by the displays. Some research has focused on different methods to map colors from small to large gamuts, whereas this paper focuses on defining the required gamut boundaries for natural content. Two gamuts were created from the results of a psychophysical experiment that asked observers to choose their preferred image in terms of saturation. One gamut corresponded to the median value of their choices and the second gamut corresponded to the 90% value of their choices. The results indicated that even at the 90% value, the resulting gamut was smaller than that of the wide-gamut display for most hues and actually closer to EBU for some hues. These results are display independent, at least when considering modern displays that can reach luminance values above 250cd/m 2 .
INTRODUCTION
The area of backlighting for displays has seen tremendous growth and development in recent years. Researchers in this area have used a wide array of technologies to make displays brighter 1, 2 , increase their range of producible colors [3] [4] [5] , as well as making them more efficient 3, 6 . While not a comprehensive list by any means, these highlight a few of the more popular aspects of new developments in display technology. Out of these three, the increase in brightness and producible colors has garnered a lot of attention and they both seemingly promise great things for the next generation of displays 7 . Indeed, there are indications that as displays become brighter they are better able to mimic scenes from the real world, given that the contrast ratio also increases 8 . The increase in the amount of colors, on the other hand, seems to come more as a technological push than a perceptual need. As such, there has been research carried out to determine the possibilities that exist, from a perceptual standpoint, for these displays over traditional displays 9 .
The range of colors producible by a device is referred to as a gamut and in this paper a display that can create more colors than the EBU 10 (or Rec. 709 standard) is referred to as "wide color gamut" or simply "wide-gamut" display. One important aspect for wide-gamut displays is the fact that transmission and encoding practices still use traditional standards. Although there are new standards such as xvYCC 11 , it is most common to encode and transmit image content according to the EBU standard and therefore most video that arrives at the television does not contain colors outside the EBU gamut. The question then is how to map colors from a smaller gamut into a larger one or in other words how to use the extra space made available at the display. Up to now manufacturers have relied on color mapping/enhancement algorithms to handle this issue and as such there has been some research carried out that dealt with new mapping methodologies for mapping between small and large color gamuts 9, [12] [13] [14] .
Previous studies into wide-gamut color mapping have revealed strengths and weaknesses of current mapping strategies from a perceptual standpoint. For example, one of the main drawbacks is the tendency for these algorithms to use the entire gamut that is available. For wide-gamut TVs coupled with higher luminance levels (above 250 cd/m 2 ) it has led to very intense, bright colors that observers find displeasing. There are different approaches to this problem; however, three obvious possibilities would be to 1) decrease the overall display luminance, 2) tune color mapping algorithms for optimizing colors, or 3) redefine a gamut within the display gamut. Since it is has been shown that increasing the brightness of displays while taking into account other factors like contrast ratio is beneficial for image quality 8 , decreasing the overall luminance level of displays would not be the best choice. Imposing stricter guidelines for tuning the algorithms in terms of how and where to map the colors is a viable option and has received a lot of attention though making a robust algorithm is very time consuming and even then may not give good results across all image content or different wide gamut displays. The third approach is to define, independent of any algorithm, areas of color space that should be avoided in wide-gamut displays. This is a fundamental issue and from a perceptual standpoint is more interesting since in theory the results can be applied to any new, bright, wide-gamut television. This also has the added benefit of decreasing tuning time imposed on color mapping/enhancement algorithms and would allow optimal use of brighter displays (i.e. more freedom in enhancing colors without worrying about fluorescent colors).
Therefore, an experiment was conducted in order to define a perceptually optimal gamut for natural images. Boundaries were determined for specific locations within color space using natural scenes. These boundaries essentially create a "virtual" gamut in which the color mapping/enhancement algorithms operate. Since the majority of images shown on televisions are natural content, that was considered an important basis for creating the virtual gamut.
EXPERIMENTAL

Setup
The goal of this experiment was to obtain observers' preference of saturation as it related to natural material. The results were then used to define absolute boundaries within color space that should not be crossed by a color mapping/enhancement algorithm. The images and results were defined in the CIELab 15 color space as this is the most widely accepted perceptually uniform color space.
The experiment was performed on a well-characterized, wide color gamut 42" LC-TV. The resolution for this display was 1366x768 and it had a peak brightness of 300 cd/m 2 . This display was previously characterized using known techniques to build a characterization model 16 with results seen in Table 1 . To test the model, 2060 RGB values were sent through the forward model to predict corresponding XYZ values. These same RGB values were shown and measured on the display, with the measured and predicted values compared in CIELab. A more accurate color difference formula, known as delta E 2000, (CIEDE2000 or simply ∆E 00 ), was used. This formula corrects for inaccuracies within CIELab and provides a more realistic value of perceived color difference 15 . As seen in Table 1 , on average the model can predict colors within a ∆E 00 of 1(which is approximately 1 JND). It is believed that the majority of content viewed on a TV is natural material; therefore two scenes containing natural material were chosen. However, the required gamut boundary should not be limited to sensitive memory colors, such as the blue of sky or the green of grass. Therefore, scenes with a limited amount of context, that was expected to be relatively insensitive to over-saturation, were selected. This resulted in scenes, shown in Figure 1 , that were contextually simple, not related to memory colors, and nearly monochromatic. Although the images were simple there was enough context to be meaningful to observers. In other words, observers realized that the left image in Figure 1 was part of a car door and the right image was the outside wall of a house. The size of the images was approximately 800x600 pixels and thus smaller than the display resolution. The images were displayed at their native resolution surrounded by a grey background. Figure 1 -Two scenes used in experiment that were nearly monochromatic (i.e. small variation in L*, C*and hue). The chromatic parts in the scenes were altered in hue and lightness.
The chromatic parts in the two scenes of Figure 1 were altered in hue, chroma, and lightness in order to sample different areas of color space. For the experiment, the observers adjusted chroma for a given hue and lightness until the image became unnatural. So, in practice chroma was gradually varied for 6 hues and 3 lightness levels per hue tested for each scene. With one exception that is discussed below, this resulted in 17 conditions per scene and a total of 34 conditions that each observer had to judge. The 6 hues were red, green, blue, cyan, magenta and yellow. The lightness levels varied according to hue but always in the order of brightest to darkest. The only exception was yellow, for which there were only 2 lightness levels.
Mapping images
To generate the images with various chroma levels the following procedure was used. Using the measurement data from the characterized display, the images were transformed to XYZ and then CIELab using standardized formulas 17 . Once in CIELab, the coordinates L*a*b* were converted to LCh, which corresponded to linear values Lightness (L*) and chroma (C*) and the polar value hue (h), all seen in Figure 2 . The next step was to select all the pixels in the image, of which the hue had to be rotated. In particular, these were the pixels that had a chroma value above 5. For this experiment the hues, shown in Figure 3 , were chosen to correspond to the red, green and blue primaries of the display and their corresponding secondary colors cyan, magenta and yellow. After the chromatic pixels were shifted to the hue of the primaries, they were adjusted in lightness to match the lightness of the primary. Then a lightness value above and below the target was selected so that there were a total of three lightness values at each hue. Note that in each case the average value of lightness and hue of the chromatic areas in the scene were set. Since these were real images there were small variations in all three dimensions of color.
After the hue and lightness were set, the chromatic pixels were shifted to the neutral axis and from there vectors that emanated from the neutral axis to the gamut boundary of the display were made. These vectors corresponded to 46 equal steps in chroma while maintaining lightness and hue from the neutral axis to the gamut boundary. These were the values that the observers used in the experiment. Note that in this setup increasing chroma is analogous to increasing saturation since the lightness is being held constant. In Figure 4 an example mapping is shown within two gamut visualizations, a three dimensional volume on the left and a chromaticity diagram on the right. In each case the point furthest inside the gamut is a neutral color and then as the point is moved outwards, its chroma increases until it reaches the gamut boundary. In the chromaticity diagram, on the right, this is seen as increasing saturation from the whitepoint (circled) to the blue primary. This is the vector that observers traversed when they were making their choices. So there were essentially 34 of these vectors made, (17 per scene), where the end positions of the vectors in color space varied in hue and lightness. For natural images, instead of there being a single point at each position in the vector there were clusters of pixels where the average pixel in the cluster corresponded to each point in the vector. Figure 3 shows an example for one scene. The points correspond to the cluster of pixels at each hue for a single lightness level. The clusters are at the end of the vectors, corresponding to the gamut boundary.
Observers and experimental procedure
There were 32 color-normal observers in total, 62% were male and 38% female and the median age was 30 with a minimum and maximum age of 22 and 55 respectively.
Observers sat 3 meters from the display in a darkened room with dim lighting uniformly lit behind the TV. There was a single image viewed on the display with a background that corresponded to 20% of the luminance of the whitepoint. There were a total of 34 conditions (vectors) and for each condition there were 46 possible choices (corresponding to the 46 chroma positions along the vectors). Each observer randomly started somewhere along the vector and then manually progressed (forward or backward) through the vector. The task of each observer was to select for each condition their preferred saturation level. If they expressed uncertainty in making their choices they were instructed to progress forward through the vector until the image became too saturated and then to step backwards until they were satisfied. These instructions were given since for many observers there was a range of answers and not a single "preferred' image. So in effect, observers often made choices based on their upper level of preference. In the end, the results were a number between 1 and 46 for each of the 34 conditions, where 1 corresponded to the neutral axis and 46 to the gamut boundary. The population marginal means of groups Scene I and Scene 2are significan fly different
RESULTS/DISCUSSION
Preferred saturation
The first step in the analysis was to perform an analysis of variance (or ANOVA) on the entire dataset with the factors lightness, hue, scene and observer. The "Prob>F" seen in Figure 5 is also referred to as the p-value, which signifies the probability that the null hypothesis is true, (i.e. whether the mean of all levels of a factor are equal). A small p-value indicates that the probability is high that the null hypothesis is not true, (i.e. that the mean of the levels within a factor are different). As seen in Figure 5 , there was a strong effect of all the factors on the preferred saturation as all the p-values were <0.001. 
Source
Analysis of Variance
Figure 5 -Results of ANOVA for all results compiled together.
The effect of hue on preferred saturation indicates that the wider color gamut is not appreciated to the same extent in all hue directions. In practice, the hues blue and yellow corresponded to higher saturation levels. Since the actual lightness levels used in the experiment were different for different hues, it is logical that observers' had a different optimal saturation level at these different lightness levels. In general, observers preferred higher saturation values for lower lightness levels. As the preferred saturation level depended on the scene, the analysis was repeated for both scenes separately. Figure 6 shows the mean results of the two scenes when averaged over hue, lightness and observers. On the y-axis are the two scenes and on the x-axis are the choices (with the range cropped between 25-31 instead of the full range 1-46). Figure 6 clearly shows that observers allowed higher saturation for scene 1 (i.e the car door), with a mean choice of around 30, than for scene 2 (i.e. the wall) that had a mean choice around 26. It was hypothesized, prior to the experiment, that if there was an effect of scene, observers would allow higher saturation for the wall scene (scene 2) than for the cardoor scene (scene 1). The reasoning was that the cardoor scene contained less texture and therefore less variation in lightness. This resulted in a more condensed grouping of pixels and when those pixels were moved towards the gamut boundary they quickly became very intense, and therefore, were expected to be displeasing to viewers. However, as shown in Figure 6 , observers preferred higher saturation values for the cardoor than for the wall. Comments from observers after the experiment indicated that it probably was a cognitive effect where apparently observers had a more preconceived idea of what the wall of a house should look like than what a car door should look like or the "requirement" for a car door was less strict in the observers' mind.
Because the results across both scenes cannot be grouped, the remaining analysis in this paper will focus on a single scene. Since the purpose of this experiment is to determine the optimal perceptual boundaries, the scene that has higher saturation in the result should be used as it represents the outer most boundary. From Figure 6 it is evident that this is the cardoor scene, and therefore the remaining analyses will use only this scene.
Since the ANOVA also indicated a significant effect of observer on the results, it was checked if any observers were outliers. The Tukey post-hoc test indicated one observer that fell into a group by herself and was significantly lower in her saturation preference than all other observers. Box plots also showed that this same observer was an outlier in multiple conditions. Given this outcome, that observer was eliminated from the dataset.
Establish boundaries
The resulting dataset now consists of 31observations for the 17 conditions (6 hues, 3 lightness levels, except for yellowwhich had 2 lightness levels) for the cardoor scene (scene 1). For each condition, the boundary was defined based on two selection criteria. The first criterion was the median (50%) of the histogram of all choices per condition. This represents approximately the average preferred saturation level of observers. The second criterion is the 90% value of the histogram of observers' choices per condition. This point is interesting since it encompasses 90% of observers' choices and thus represents the extreme boundary that a display manufacturer might want to use. If the 90% choice is used for determining gamut boundaries, however, more reliance on proper gamut mapping would be needed to prevent over saturation of colors/images for a considerable amount of viewers. Figure 7 shows the histogram of observers' choices for the red hue at the highest lightness level as an example. The values corresponding to the 50% and 90% criterion are added as an illustration. It shows that the majority of observers chose a value between 22 and 36, which is far below the maximum of 46 that corresponds to the gamut boundary of the wide-gamut display used in this experiment. This means that all observers prefer a red color that is less saturated than the current wide-gamut display primary when tested at an equivalent brightness level. Similar plots, though not shown, are made for each condition. Figure 8 -Results of gamut boundary. The blue dots represent the gamut boundary when using the median observer choice and the black dots represent the boundary when using the 90% value for observers' choices. The black line is the EBU gamut and the red line represents the wide-gamut display.
Shown in Figure 8 are the results for each hue and lightness level for scene 1 using all 31 observers. There are six subplots corresponding to the six hues and within each subplot there are 6 markers (3 crosses and 3 dots). Yellow is the exception where there are 4 markers (2 crosses and 2 dots). The crosses represent the 50% value of observers' choice and the dots represent the 90% value. The solid line in each subplot represents the EBU gamut boundary and the dotted line represents the wide-gamut display boundary. CIELab L* is represented on the y-axis and C* (chroma) on the x-axis.
One of the first things to notice from Figure 8 is that for hues red, blue and magenta even 90% of observers are within or close to the EBU gamut. Only in cyan and yellow is the wide-gamut display boundary reached. In the yellow region it is seen that the majority of observers choose a boundary that is within the EBU gamut, where only the upper ~15% of observers choose a boundary outside of EBU. In the green region of color space, a wide-gamut display has some added value, but it is noted that 90% of the observers prefer a boundary that is halfway between EBU and the wide gamut. Given these results it would seem that the EBU primaries of red and blue are already saturated enough at the luminance levels of current LC-TVs, and only the green primary should be extended. If a multi-primary display is being created, then these results show that it would be perceptually more beneficial to extend in the cyan or yellow region rather than in magenta. From an engineering standpoint it should be noted that for a three-primary device a more saturated green primary than what is shown in Figure 8 may be needed in order to reach the perceptually optimal gamut in the cyan and yellow region Again, the idea for the experiment is to define a new gamut where more traditional mapping and/or enhancement algorithms can operate safely without resulting in oversaturated colors/images. If manufacturers used the 50% gamut then the underlying assumption is that observers would prefer a display with less saturated primaries but higher luminance. This would be called a "tall-gamut" rather than a "wide-gamut" and would allow more generalized mapping techniques. However, if the 90% gamut is used then the resulting display gamut would approach that of current "widegamut" TVs and consequently, greater care will be needed to prevent intense oversaturated colors. Left shows the gamut when using 50% value of observers' choice. Right shows the gamut when using the 90% choice. Figure 9 shows how the virtual gamut might look when using either the 50% or the 90% value of observers' choice. These are the 3D volumes of the gamut within CIELab, though Figure 9 shows only the a*-vs.-b* plot (looking down the L* axis). This figure reiterates that for an LC-TV having high luminance values the preferred yellow, red, magenta and blue primaries remain close to the EBU primaries and green and cyan in fact are expanded in saturation.
These boundaries found here exist only for natural images and it is not known if it can be extrapolated to all image content such as computer generated colors/images; for example the boundary in the green region of color space is not relevant for scenes including traffic lights but only to scenes containing natural green colors. It is believed that this is okay since observers do not have an internal requirement for how computer-generated content should look. Further verification would be needed to determine if these boundaries hold for other more complex natural and computer generated material.
It should be noted that luminance plays an important role in this outcome. The results shown in this paper are valid for current state-of-the-art televisions that usually have luminance values of 250 cd/m 2 or greater. For TVs with lower luminance values verification of these results is needed. This is analogous to the real world, where colors do not typically reach very high saturation levels but can reach high luminance levels. Table 2 gives the boundary point having the highest luminance per hue (each hue has 3 lightness levels and only the highest per hue is shown). Since lightness is held constant as chroma increases, the luminance is the same for both the 50% and 90% choices. The importance of Table 2 is that the saturation of the chosen boundaries is valid for displays having comparable brightness levels -for displays which are dimmer the results can be drastically different. 
CONCLUSION
In this experiment we have tested observers' preferred saturation for natural images shown on a wide-gamut display and converted these results into gamut boundary points. The results show that the majority of observers prefer a gamut that is in size closer to EBU for some hues than a typical wide-gamut display. These results seem to imply that the perceptually optimal display should have red and blue primaries closer to that of EBU but with a more saturated green primary. Another option of course would be to have a multi-primary display with red, blue and magenta primaries close to that of EBU but more saturated green, cyan and possibly yellow primaries.
However, this conclusion does not mean that wide-gamut displays are not desirable and should not be pursued and developed further. Wide-gamut displays offer many opportunities to color mapping/enhancement designers over traditional displays. If a wide-gamut display were developed and the virtual gamut implemented into that particular wide-gamut display then there could be special cases where mapping only parts of an image into the wide-gamut region of a display would be nice (such as neon lights, fireworks, etc…). Another point is that in order to reach the boundary points in cyan and green region found in this research, the primaries would need to be more saturated that what was shown and certainly more saturated than EBU.
The results of this experiment are valid even when considering wide gamut transmission standards, such as xvYCC, because the maximum saturation of the natural image transmitted would probably not be as saturated as what can be obtained with LEDs or laser backlights.
The boundaries determined in this experiment are relevant for displays having a peak luminance value similar to that of current LC-TVs. It is not known whether similar results would be obtained for displays having lower luminance values.
These results, though interesting, are not yet valid for all content as only two simple, natural scenes were tested. The results cannot be extrapolated to all images and the next step is to validate these results using more complex, natural scenes. Furthermore, there is no reason to believe that the choices observers made would extend to computer generated scenes. This is indeed an interesting issue to explore since more and more content is computer generated.
These results do however show that designers of wide-gamut displays should carefully consider how color mapping algorithms behave and that it is possible that creating extremely large color gamuts are not the best option for natural content.
